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ABSTRACT: Transcatheter aortic valve replacement is a relatively recent revolutionary treatment that has now become a stand-
ard procedure for treating severe aortic stenosis. In this article, the authors review the clinical history of transcatheter aortic
valve replacement, summarize the major clinical trials, and describe the evolution of the technique over time. In doing so,
the authors hope to provide a clear and concise review of the history and clinical evidence behind transcatheter aortic valve

replacement.
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ortic stenosis (AS) has an estimated prevalence
Azf 12% to 13% for all AS and 2% to 4% for severe
S in patients >75 years of age in the Western
world, making it one of the most common structural
heart diseases affecting the elderly."? Severe AS is de-
fined as an aortic valve area <1.0 cm? with mean aortic
valve pressure gradient of >40 mm Hg or aortic maxi-
mum velocity of >4 m/s, and is an indication for aortic
valve replacement based on the most recent profes-
sional society guidelines.®
Historically, severe AS was treated by surgical aor-
tic valve replacement (SAVR) or medical management
(which includes balloon valvuloplasty, a temporizing
measure with notable complication risks).* These op-
tions were limited, because the Euro Heart Survey
showed up to 30% of patients were not receiving sur-
gery for severe symptomatic AS because of a high sur-
gical risk.®
In 1989, the Danish cardiologist Henning Rud
Andersen performed the first animal implantation of
what is now known as a transcatheter aortic valve re-
placement (TAVR), resulting in a patent filed in 1990
that was granted in 1995.8 Initially, there was skepticism

and low enthusiasm for this innovation, leading to slow
adoption and research. In 2002, the first human TAVR
was performed on a 57-year-old man, which opened
the doors to a new interventional era.” A standardized
scoring tool for calculating the surgical risk of aortic
valve replacement was subsequently established by
the Society of Thoracic Surgeons (STS).8

The clinical benefit of TAVR compared with SAVR in
inoperable and high surgical risk patients with severe
AS was first established with the PARTNER (Placement
of Aortic Transcatheter Valve Trial) series of trials.®'° In
2011, the US Food and Drug Administration approved
the Edwards SAPIEN TAVR valve for patients with se-
vere AS who were inoperable and not eligible for open
heart surgery. This indication has since been expanded
to cover high-risk, intermediate-risk, and recently low-
risk AS patients through multiple vascular approaches
for different manufactured valves."'® Table 1 summa-
rizes the major TAVR studies and their results.

In inoperable patients, TAVR was associated with
an absolute 20% risk reduction in all-cause death at
1-year postoperation, compared with standard med-
ical therapy with or without balloon valvuloplasty.® As
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this population represents up to 30% of the total se-
vere AS population, this new proof of benefit led to
TAVR rapidly becoming the standard of care in these
patients.

In the 2011 PARTNER trial, it was found that in high-
risk patients, defined as STS score >8%, there was
a similar rate of death and stroke in the TAVR group
compared with the surgical group at 30 days and
1 year.' However, in the TAVR population, there were
higher rates of major vascular complications with a
lower frequency of major bleeding and new-onset atrial
fibrillation. There was no statistically significant differ-
ence between the groups at 1 year regarding symp-
toms.'% Since the procedure was less invasive and had
a shorter length of stay in the hospital, this outcome
further reinforced the benefits of this new technique.
Similar results were found in the trials studying the
Medtronic CoreValve in inoperable'® and high-risk™
TAVR. These early valves have long-term outcomes
and durability data available.

By 2015, the 5-year outcomes from both PARNTER
1 trials had emerged. PARTNER 1 study for inoperable
patients demonstrated a significantly reduced risk of
all-cause mortality in the TAVR versus standard ther-
apy group (71.8% versus 93.6%, P<0.0001).2° Of note,
the mortality in these inoperable patients remains high,
and this specific study is limited by low sample size in
the follow-up.

The 5-year follow-up from the PARTNER 1 study
for high-risk patients demonstrated no difference be-
tween TAVR and SAVR with regard to all-cause mor-
tality, repeat hospital admission, stroke, myocardial
infarction, or endocarditis, but a higher risk of mod-
erate/severe aortic regurgitation (14% versus 1%,
P<0.0001).2" This is particularly important since valve
regurgitation is a marker of long-term valve durabil-
ity. Of note, this study used the SAPIEN valve, which
is no longer used, as the newer generation SAPIEN
XT, SAPIEN 3, and SAPIEN 3 Ultra valves have since
been developed.

The 5-year outcomes from the Medtronic
CoreValve studies in high-risk patients who under-
went TAVR versus SAVR demonstrated similar sur-
vival rates and stroke rates, but worse rates of aortic
regurgitation (50% versus 23.9%), excluding de-
ceased patients.??

In the 2016 PARTNER 2 trial, it was found that in
intermediate-risk patients, defined as STS score 4%
to 8%, there was a similar rate of death and disabling
stroke in the TAVR group compared with the SAVR
group at 2 years, though transfemoral TAVR demon-
strated better outcomes than SAVR (hazard ratio of
0.79, P=0.05) and transapical TAVR had similar out-
comes to SAVR."> Compared with SAVR, TAVR with
the Sapien XT valve resulted in lower rates of severe
bleeding, atrial fibrillation, and acute kidney injury,
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but higher rates of major vascular complications and
paravalvular aortic regurgitation. In 2017, the SURTAVI
(Surgical Replacement and Transcatheter Aortic Valve
Implantation) trial for intermediate-risk patients (defined
as a 30-day mortality risk of 3-15%) demonstrated that
the CoreValve, a self-expanding bioprosthetic valve,
had similar all-cause mortality and disabling stroke re-
sults as in PARTNER 2.16

The 5-year outcomes from the PARTNER 2 trial re-
sulted in similar rates of all-cause death, strokes, and
myocardial infarction, but had a higher rehospitaliza-
tion rate and paravalvular aortic regurgitation.?® The
subsequent SAPIEN 3 valves were designed to mini-
mize this risk through the use of a sealing skirt.

In the 2019 PARTNER 3 prospective randomized
trial, it was found that in low-risk patients (defined as
STS <4%) there was a lower risk of the composite out-
come of death, stroke, and rehospitalization at 1 year,
compared with surgical management.” Moreover, it
was found that there was a lower risk of stroke and
shorter hospitalization (3 days versus 7 days, P<0.001)
with TAVR compared with surgery.”” In addition, the
2019 Medtronic Evolut Transcatheter Aortic Valve
Replacement in Low Risk Patients trial demonstrated
noninferiority for composite all-cause death and
stroke, as well as a statistically significant decrease in
the rate of atrial fibrillation, acute kidney injury, and life-
threatening bleeds compared with SAVR at 30 days
postprocedure, though there was an increased rate
of permanent pacemaker implantation.'® Based on the
PARTNER 3 and Medtronic results, the US Food and
Drug Administration has expanded the TAVR indication
in August 2019 to include low surgical risk patients.
There are not yet any data on the long-term outcomes
with the SAPIEN 3 or Evolut valves.

Beyond the proven medical outcomes and benefits,
the high costs associated with TAVR programs have
led some hospitals to modify the TAVR protocol to re-
duce length of stay, resource utilization, and complica-
tion rates.

CLINICAL OUTCOMES OVERVIEW

AS is a disease of the elderly, which is reflected in the
fact that 90% of TAVRs are paid for by Medicare, ac-
cording to the National Inpatient Sample Database.?
With this advanced age comes several comorbidities,
which would also be present in the SAVR population.
However, TAVR patients usually have more advanced
disease and have higher mortality risk since TAVRs are
performed in high surgical risk and inoperable patients.
This gap in surgical risk between the TAVR and SAVR
patients is expected to reduce over time because of
the new inclusion of low surgical risk AS patients in the
TAVR population. Since TAVR has a lower risk-adjusted
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reimbursement compared with SAVR, hospitals are
working to modify elements of the procedure to im-
prove clinical outcomes and improve economics of
TAVR.?®

Increase in TAVR Programs

The acceptance of TAVR as an important new therapy
is evident by the proliferation of TAVR-performing in-
stitutions in the United States, rising 3-fold since 2012
to >600 programs in 2019.2%27 This corresponds to a
sharp increase in national TAVR cases (>4-fold since
2012) and a minimal change in SAVR, which is largely
because of the expansion of the overall AVR patient
pool to include nonoperative and high-risk candidates
who now can undergo TAVR, with a corresponding
proliferation of TAVR programs.?%2%29 This AVR growth
rate has increased with the results of the PARTNER
3 trial, and Edwards Lifesciences has already posted
26% growth in TAVR sales in Q3 2019 compared with
Q3 2018, with continued increase in projected sales.®°
Moreover, it is likely that this expansion of TAVR into
intermediate- and low-risk populations will now result
in fewer SAVRs annually, though there is currently no
definitive evidence for this in the literature to date.

Developments in TAVR Valves

A major development in TAVR is the expected in-
crease in the number of valves available on the mar-
ket. As of 2019, 3 companies have US Food and
Drug Administration—approved TAVR valves: Edwards
Lifesciences (SAPIEN, SAPIEN XT, SAPIEN 3, and
SAPIEN 3 Ultra), Medtronic (CoreValve, Evolut R, Evolut
PRO, Evolut PRO+), and Boston Scientific (LOTUS
Edge). Moreover, there are numerous additional valve
manufacturers that have had success internation-
ally and are in the process of seeking US Food and
Drug Administration approval in the United States.
Unfortunately, there are little clear comparative data
among the valves, since the valves are continuously
evolving. While many studies try to compare balloon-
expandable and self-expanding valves, the evolution
in these valves makes it difficult to compare which
category is better. As such, the studies below name
the specific valves that are being compared in order
to give a better indication of which generation of valve
was used for the comparison.

The 2014 CHOICE (Comparison of Transcatheter
Heart Valves in High Risk Patients With Severe Aortic
Stenosis: Medtronic CoreValve versus Edwards SAPIEN
XT) trial was a relatively small investigator-initiated trial
in high-risk patients that compared outcomes between
the Edwards SAPIEN XT and the Medtronic CoreValve
from 2012 to 2013.3" The valves were found to have
similar rates of mortality and bleeding/vascular compli-
cations, though balloon-expandable valves (Edwards
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SAPIEN XT) were more often successfully placed
(95.9% versus 77.5%, P<0.001) and had lower rates of
permanent pacemaker placement (17.3% versus 37.6%,
P=0.001) compared with the Medtronic CoreValve. Of
note, this study highlighted the importance of devel-
oping newer valves that can be recaptured and repo-
sitioned to minimize the risk of device failure. As such,
the CoreValve is being slowly phased out as the Evolut
R, Evolut PRO, and Evolut PRO+ valves were devel-
oped with this additional feature. At 1-year follow-up,
the rates of all-cause death, stroke, and repeat hos-
pitalization from heart failure were similar between the
2 groups.® Five-year follow-up data were presented
at EuroPCR and it was found that compared with the
CoreValve, SAPIEN had similar rates of all-cause mor-
tality, lower rates of myocardial infarction, and lower
rates of new pacemaker placement, but higher mean
transprosthesis gradient, smaller effective orifice area
(EOA), higher structural valve deterioration, and higher
rates of valve thrombosis.®3 This follow-up was limited
by low population size for both valves.

After the initial CHOICE trial, the CHOICE-Extend
registry was generated, which is an ongoing registry of
nonrandomized patients at a single center in Germany
undergoing transfemoral TAVR with the Edwards
SAPIEN 3 and the Medtronic Evolut R.3* A trial using the
CHOICE-Extend registry found that the Evolut R had
a significantly larger effective orifice area index, lower
patient—prosthesis mismatch, and lower transvalvular
peak gradients at 30 days postprocedure than SAPIEN
3, regardless of annulus size.®* However, this study was
limited by the fact that the SAPIEN 3 valve was used
at least 3-fold more often than the Evolut R valve, and
that the Evolut R valves were consistently at least 3 mm
larger than the corresponding SAPIEN 3 valve for the
given small-, medium-, and large-valve categories, likely
contributing to the lower rates of severe prosthesis-
patient mismatch (PPM) in the Evolut R valves.

A separate study from the FRANCE-TAVI registry
comparing propensity-matched patients from 2013
to 2015 who underwent TAVR with SAPIEN XT or
SAPIEN 3 versus CoreValve found that the CoreValve
has higher rates of in-hospital mortality, permanent
pacemaker implantation, moderate/severe paravalvu-
lar regurgitation, and 2-year mortality.®® The elevated
2-year mortality appears to be driven primarily by the
early mortality in the first 3 months after TAVR with the
CoreValve.

A retrospective Canadian study of transfemoral
TAVRs from 2007 to 2013 comparing the SAPIEN or
SAPIEN XT devices against the CoreValve demon-
strated no difference in death or all-cause readmission,
though the CoreValve had higher rates of in-hospital
stroke, permanent pacemaker placement, and second
valve placement while the 2 SAPIEN valves had higher
vascular access complications.3®
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Another study in 2019 compared the Portico self-
expanding valve (by Abbott Vascular) to the SAPIEN
3 valve in TAVR patients at a German hospital (av-
erage STS 3.9), and found that 30-day mortality,
stroke, major bleeding, major vascular complica-
tions, and pacemaker implantation were not statis-
tically different between the 2 valves.3” A separate
meta-analysis compared the ACURATE neo self-
expanding valve (by Boston Scientific) to the SAPIEN
3 and found that the ACURATE neo had a slightly
higher risk of paravalvular leak and 30-day mortal-
ity, but lower rates of patient—prosthesis mismatch
and pacemaker implantation.®® While the Portico and
ACURATE neo valves are not accepted in the United
States currently, this comparison demonstrates the
scarcity of objective evidence for a difference in out-
comes between the 2 categories of self-expanding
and balloon-expandable valve.

All taken together, there is no clear superiority be-
tween any of the known valves that are currently being
used, as CoreValve and SAPIEN are being retired. The
data are limited because CoreValve was being com-
pared with newer generations of SAPIEN, and now there
are limited data that seem to slightly favor the newer
generation of self-expanding valves. However, this re-
mains a difficult topic to study since new valves are
being developed, operator skill is improving, and hos-
pitals make practice changes to reduce complications.

Moreover, there is some evidence that the long-
term valve degeneration is minimal, with the most re-
cent 2019 study by Blackman et al®® on TAVR patients
from 2007 to 2011 suggesting that >90% of patients
remain free of clinically defined structural valve degen-
eration within the 5 to 10 years of valve implantation,
with similar results in both balloon-expandable and
self-expandable valves. More data are expected to be
published on this in the upcoming years, as TAVR is
still a relatively new technology and the true durability
is not yet known.

Length of Stay

Part of the driving force for favorable clinical out-
comes over the years has been the evolution in
practice patterns. In the early days of TAVR, hybrid
operating rooms that have the functionalities of both
a cardiac catheterization laboratory and a cardiac
operating room were commonly used because of the
ability to rapidly convert the case into a surgical case
in the event that the TAVR was unsuccessful or a cat-
astrophic complication occurred, a complication that
occurs <1.5% of the time.*° TAVRs performed in hybrid
operating rooms employed standard surgical prac-
tices of general anesthesia with endotracheal intuba-
tion, bladder catheterization, invasive hemodynamic
monitoring, transesophageal echocardiography, and
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Table 2. Unanswered Questions Regarding TAVR

Questions

Currently Available Data

Should TAVR be used in AR?

Multiple small observational
studies demonstrate success
with the use of TAVR for AR.%9

Should TAVR be used in bicuspid
aortic valves?

Observational studies indicate
no difference in 1-y all-cause
mortality.®!

Should TAVR be performed in
patients with aortic dissection?

Minimal data available.

Should TAVR be performed in
prior SAVR prosthetic valves (aka
valve-in-valve implantation)?

Observational studies indicate
that valve-in-valve operations
have similar outcome to redo
SAVR.%?

Should TAVR be performed in
individuals >90-y-old?

Observational study shows
worse outcomes than in younger
patients.®®

Should TAVR be performed in
younger populations?

Observational studies show
similar or worsened outcomes in
younger populations.846°

How should obstructive coronary
artery disease be treated when

a patient is being considered for
TAVR?

Numerous studies exist

without definitive data, though
generally staging PCl and TAVR
procedures is the most common
strategy.®®

Is there a head-to-head
comparison of clinical outcomes
between the different valve
manufacturers?

Some evidence suggests that
balloon-expandable TAVRs
have better outcomes than self-
expanding TAVR, though there
are limitations to the data.®®

Should TAVR be performed in

Observational studies show

patients with end stage renal worse outcomes.®’

disease?

Should younger patients receive a Minimal data available.

mechanical SAVR or a TAVR?

AR indicates aortic regurgitation; PCI, percutaneous coronary intervention;
SAVR, surgical aortic valve replacement; and TAVR, transcatheter aortic
valve replacement.

surgical cutdowns for femoral access and closure.
It was standard practice to transfer patients to the
intensive care unit for extubation and postoperative
care.

Many practices now utilize an optimized minimally
invasive approach in a cardiac catheterization labora-
tory, utilizing only local anesthesia, conscious seda-
tion, percutaneous access site entry, and transthoracic
echocardiography, without urinary catheters or invasive
hemodynamic monitoring.*! Postprocedurally, patients
are monitored on a telemetry unit, rather than an inten-
sive care unit, emulating the percutaneous coronary
intervention experience that is familiar to all catheter-
ization laboratories. This optimized minimally invasive
approach had similar mortality rates as standard hy-
brid operating room-based TAVRs, but had significant
reductions in procedure room time, intensive care unit
time, and length of hospital stay, which greatly reduced
TAVR costs.*?

TAVR patients have historically had lengths of stay
that were 3 to 7 days long, though more recently are
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<3 days,*36 while SAVR continues to require longer
hospital stays (8—13 days). In 1 TAVR study, patients
were discharged in <2 days with ambulatory heart
rhythm monitoring for 30 days to detect delayed high-
grade atrioventricular block after TAVR, and found 10%
of patients developed this complication an average of
6 days postprocedure.’” This reinforces the lack of
added benefit to long stays in the hospital.

One method that has reduced hospital length of
stay is the use of local anesthesia with conscious se-
dation instead of intubation, which has resulted in a
shorter hospital stay, shorter procedure time, and
lower complication rates (intubation trauma, dyspha-
gia, postprocedural pneumonia, vasopressor support)
without affecting the overall 30-day mortality.*8-50

Another method of reducing hospital stay has been
the transition to using percutaneous femoral artery
access without surgical cutdowns, which has greatly
reduced length of the hospital stay (by 1-3 days), in-
creased home discharge rate (by up to 20%), and
made no difference in major adverse events (vascu-
lar complications, wound infections, transfusion rates,
and 30-day mortality).4351.52

Complication Rate

A study for Medicare’s Bundle Payment for Care
Improvement Model 2 program from 2013 to 2015 in-
dicates that there are similar 30-day readmission rates
between TAVR (12.1%) and SAVR (9.9%), though there
was a higher rate of late readmissions (30-90 day)
in TAVR (15%) versus SAVR (6%) patients.>® Of note,
TAVR patients in this study were older with more co-
morbidities than the SAVR cohort, which may at least
partially explain the higher late readmission.

There is no consistent literature that supports TAVR
having a higher rate of any individual complication
compared with SAVR, though this may reflect the nat-
ural evolution of this new technique regarding proce-
dural protocol, postprocedural care, and operator skKill.
The most common concerning complications after any
AVR include heart block requiring pacemaker place-
ment, stroke, paravalvular leak, and vascular complica-
tions.%4-% These complications lead to elevated length
of stay, postoperative care, and healthcare costs.*°
Certain risk factors for late mortality have been iden-
tified: chronic obstructive pulmonary disease, chronic
kidney disease, frailty, and chronic atrial fibrillation.%®
As TAVR patients are typically very sick elderly patients
with multiple comorbidities, it is important to recognize
that efforts to further reduce these complications and
poor outcomes may be inherently limited.

Long-Term Prospects

The long-term viability of TAVR is dependent on con-
tinued excellent clinical outcomes as well as long-term
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financial sustainability. The overall clinical outcomes
are likely to improve as the procedure becomes more
popular and low surgical risk populations begin re-
ceiving TAVRs, and the financial sustainability will also
improve as further optimizations are made to the pro-
cedural and postprocedural protocols. There remain
several unanswered questions regarding the clinical
applications of TAVR that have been touched upon by
studies but require more detailed study to properly un-
derstand the scope of therapy (Table 2).35:60-67

CONCLUSIONS

TAVR is a relatively new technology that has revolu-
tionized aortic stenosis treatment. In this review, we
present a concise review of the clinical history, major
clinical trials, procedural evolution, and unanswered
questions of TAVR. There will be continued improve-
ments in the field as more valves enter the market and
more studies take place.

ARTICLE INFORMATION

Affiliations

From the Departments of Medicine (V.K.), Cardiology (G.S.S., H.H.T., C.S.R),
and Neurology (C.M.H.), Mayo Clinic, Rochester, MN.

Sources of Funding
None.

Disclosures

Dr Sandhu has performed research for Boston Scientific and Medtronic.
Dr Rihal has performed research for Edwards Lifesciences, Medtronic, and
Abbott Vascular, as well as nonpaid consulting for Edwards Lifesciences.
The remaining authors have no disclosures to report.

REFERENCES

1. Osnabrugge RL, Mylotte D, Head SJ, Van Mieghem NM, Nkomo VT,
LeReun CM, Bogers AJ, Piazza N, Kappetein AP. Aortic stenosis in the
elderly: disease prevalence and number of candidates for transcatheter
aortic valve replacement: a meta-analysis and modeling study. J Am
Coll Cardiol. 2013;62:1002-1012.

2. Carabello BA, Paulus WJ. Aortic stenosis. Lancet. 2009;373:956-966.

3. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP lll, Fleisher
LA, Jneid H, Mack MJ, McLeod CJ, O’'Gara PT, et al. 2017 AHA/ACC
focused update of the 2014 AHA/ACC guideline for the management of
patients with valvular heart disease: a report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. Circulation. 2017;135:1159-e1195.

4. Block PC, Palacios IF. Clinical and hemodynamic follow-up after per-
cutaneous aortic valvuloplasty in the elderly. Am J Cardiol. 1988;62:
760-763.

5. lung B, Baron G, Butchart EG, Delahaye F, Gohlke-Barwolf C,
Levang OW, Tornos P, Vanoverschelde JL, Vermeer F, Boersma E,
et al. A prospective survey of patients with valvular heart disease in
Europe: the Euro Heart Survey on Valvular Heart Disease. Eur Heart J.
2003;24:1231-1243.

6. Nielsen HH. Transcatheter aortic valve implantation. Dan Med J.
2012;59:B4556.

7. Cribier A, Eltchaninoff H, Bash A, Borenstein N, Tron C, Bauer F,
Derumeaux G, Anselme F, Laborde F, Leon MB. Percutaneous
transcatheter implantation of an aortic valve prosthesis for calcific



Kumar et al

20.

21.

22.

23.

J Am Heart Assoc. 2020;9:e015921. DOI: 10.1161/JAHA.120.015921

aortic stenosis: first human case description. Circulation. 2002;106:
3006-3008.

O’Brien SM, Shahian DM, Filardo G, Ferraris VA, Haan CK, Rich JB,
Normand SL, DeLong ER, Shewan CM, Dokholyan RS, et al. The
Society of Thoracic Surgeons 2008 cardiac surgery risk models: part
2-isolated valve surgery. Ann Thorac Surg. 2009;88:523-S42.

Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG,
Tuzcu EM, Webb JG, Fontana GP, Makkar RR, et al. Transcatheter
aortic-valve implantation for aortic stenosis in patients who cannot un-
dergo surgery. N Engl J Med. 2010;363:1597-1607.

Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson LG,
Tuzcu EM, Webb JG, Fontana GP, Makkar RR, et al. Transcatheter
versus surgical aortic-valve replacement in high-risk patients. N Engl J
Med. 2011;364:2187-2198.

Commissioner Oot. Innovation at FDA—FDA facts: postmarket patient
registry ensures access to safe and effective devices. 2018. Available at:
https://www.fda.gov/AboutFDA/Innovation/ucm484826.htm. Accessed
March 22, 2020.

Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP Ill, Fleisher
LA, Jneid H, Mack MJ, McLeod CJ, O’Gara PT, et al. 2017 AHA/ACC
focused update of the 2014 AHA/ACC guideline for the management of
patients with valvular heart disease: a report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. J Am Coll Cardiol. 2017;70:252-289.

Popma JJ, Adams DH, Reardon MJ, Yakubov SJ, Kleiman NS,
Heimansohn D, Hermiller J Jr, Hughes GC, Harrison JK, Coselli J, et al.
Transcatheter aortic valve replacement using a self-expanding biopros-
thesis in patients with severe aortic stenosis at extreme risk for surgery.
J Am Coll Cardiol. 2014;63:1972-1981.

Adams DH, Popma JJ, Reardon MJ, Yakubov SJ, Coselli JS, Deeb
GM, Gleason TG, Buchbinder M, Hermiller J Jr, Kleiman NS, et al.
Transcatheter aortic-valve replacement with a self-expanding prosthe-
sis. N Engl J Med. 2014;370:1790-1798.

Leon MB, Smith CR, Mack MJ, Makkar RR, Svensson LG, Kodali SK,
Thourani VH, Tuzcu EM, Miller DC, Herrmann HC, et al. Transcatheter or
surgical aortic-valve replacement in intermediate-risk patients. N Engl J
Med. 2016;374:1609-1620.

Reardon MJ, Van Mieghem NM, Popma JJ, Kleiman NS, Sondergaard
L, Mumtaz M, Adams DH, Deeb GM, Maini B, Gada H, et al. Surgical or
transcatheter aortic-valve replacement in intermediate-risk patients. N
Engl J Med. 2017,376:1321-1331.

Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M,
Kapadia SR, Malaisrie SC, Cohen DJ, Pibarot P, et al. Transcatheter
aortic-valve replacement with a balloon-expandable valve in low-risk
patients. N Engl J Med. 2019;380:1695-1705.

Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair D, Bajwa
T, Heiser JC, Merhi W, Kleiman NS, et al. Transcatheter aortic-valve
replacement with a self-expanding valve in low-risk patients. N Engl J
Med. 2019;380:1706-1715.

FDA. FDA expands indication for several transcatheter heart valves to
patients at low risk for death or major complications associated with
open-heart surgery | FDA, FDA: Maryland, US. 2019. Available at: https://
www.fda.gov/news-events/press-announcements/fda-expands-indi
cation-several-transcatheter-heart-valves-patients-low-risk-death-or-
major.

Kapadia SR, Leon MB, Makkar RR, Tuzcu EM, Svensson LG, Kodali S,
Webb JG, Mack MJ, Douglas PS, Thourani VH, et al. 5-year outcomes
of transcatheter aortic valve replacement compared with standard
treatment for patients with inoperable aortic stenosis (PARTNER 1): a
randomised controlled trial. Lancet. 2015;385:2485-2491.

Mack MJ, Leon MB, Smith CR, Miller DC, Moses JW, Tuzcu EM, Webb
JG, Douglas PS, Anderson WN, Blackstone EH, et al. 5-year outcomes
of transcatheter aortic valve replacement or surgical aortic valve re-
placement for high surgical risk patients with aortic stenosis (PARTNER
1): a randomised controlled trial. Lancet. 2015;385:2477-2484.
Gleason TG, Reardon MJ, Popma JJ, Deeb GM, Yakubov SJ, Lee
JS, Kleiman NS, Chetcuti S, Hermiller JB Jr, Heiser J, et al. 5-year
outcomes of self-expanding transcatheter versus surgical aortic
valve replacement in high-risk patients. J Am Coll Cardiol. 2018;72:
2687-2696.

Makkar RR, Thourani VH, Mack MJ, Kodali SK, Kapadia S, Webb JG,
Yoon SH, Trento A, Svensson LG, Herrmann HC, et al. Five-year out-
comes of transcatheter or surgical aortic-valve replacement. N Engl J
Med. 2020;382:799-809.

24,

25.

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

TAVR Programs: Clinical Outcomes and Developments

Patel N, Doshi R, Kalra R, Bajaj NS, Arora G, Arora P. Costs of tran-
scatheter aortic valve replacement: implications of proposed medicare
cuts. JACC Cardiovasc Interv. 2018;11:610-612.

McCarthy FH, Savino DC, Brown CR, Bavaria JE, Kini V, Spragan DD,
Dibble TR, Herrmann HC, Anwaruddin S, Giri J, et al. Cost and contri-
bution margin of transcatheter versus surgical aortic valve replacement.
J Thorac Cardiovasc Surg. 2017;154:1872-1880.e1.

Grover FL, Vemulapalli S, Carroll JD, Edwards FH, Mack MJ, Thourani
VH, Brindis RG, Shahian DM, Ruiz CE, Jacobs JP, et al. 2016 an-
nual report of the Society of Thoracic Surgeons/American College of
Cardiology Transcatheter Valve Therapy Registry. J Am Coll Cardiol.
2017;69:1215-1230.

Registry NCD. STS/ACC TVT Registry, Participant Directory. 2019.

Kim KM, Shannon F, Paone G, Lall S, Batra S, Boeve T, DelLucia A, Patel
HJ, Theurer PF, He C, et al. Evolving trends in aortic valve replacement:
a statewide experience. J Card Surg. 2018;33:424-430.

Culler SD, Cohen DJ, Brown PP, Kugelmass AD, Reynolds MR,
Ambrose K, Schlosser ML, Simon AW, Katz MR. Trends in aortic valve
replacement procedures between 2009 and 2015: has transcathe-
ter aortic valve replacement made a difference? Ann Thorac Surg.
2018;105:1137-1143.

Lifesciences E-. Edwards Lifesciences Reports Third Quarter Results. 2019.
Abdel-Wahab M, Mehilli J, Frerker C, Neumann FJ, Kurz T, Tolg R,
Zachow D, Guerra E, Massberg S, Schafer U, et al. Comparison of
balloon-expandable vs self-expandable valves in patients undergoing
transcatheter aortic valve replacement: the CHOICE randomized clin-
ical trial. JAMA. 2014;311:1503-1514.

Abdel-Wahab M, Neumann FJ, Mehilli J, Frerker C, Richardt D, Landt
M, Jose J, Toelg R, Kuck KH, Massberg S, et al. 1-year outcomes after
transcatheter aortic valve replacement with balloon-expandable versus
self-expandable valves: results from the CHOICE randomized clinical
trial. J Am Coll Cardiol. 2015;66:791-800.

Abdel-Wahab M. Five-year outcomes after TAVI with balloon-expand-
able vs. self-expanding valves: results from the CHOICE randomised
clinical trial. Presented at: EUROPCR 2019; Published 2019. TCTMD by
Cardiovascular Research Foundation. Available at: https:/www.tctmd.
com/slide/five-year-outcomes-after-tavi-balloon-expandable-vs-self-
expanding-valves-results-choice. Accessed January 3, 2020.
Abdelghani M, Mankerious N, Allali A, Landt M, Kaur J, Sulimov DS,
Merten C, Sachse S, Mehilli J, Neumann FJ, et al. Bioprosthetic valve
performance after transcatheter aortic valve replacement with self-
expanding versus balloon-expandable valves in large versus small aor-
tic valve annuli: insights from the CHOICE Trial and the CHOICE-Extend
Registry. JACC Cardiovasc Interv. 2018;11:2507-2518.

Van Belle E, Vincent F, Labreuche J, Auffret V, Debry N, Lefevre T,
Eltchaninoff H, Manigold T, Gilard M, Verhoye JP, et al. Balloon-
expandable versus self-expanding transcatheter aortic valve re-
placement: a propensity-matched comparison from The France-TAVI
Registry. Circulation. 2020;141:243-259.

Wijeysundera HC, Qiu F, Koh M, Prasad TJ, Cantor WJ, Cheema A, Chu
MW, Czarnecki A, Feindel C, Fremes SE, et al. Comparison of outcomes
of balloon-expandable versus self-expandable transcatheter heart
valves for severe aortic stenosis. Am J Cardiol. 2017;119:1094-1099.
Mas-Peiro S, Seppelt PC, Weiler H, Mohr GL, Papadopoulos N, Walther
T, Zeiher AM, Fichtlscherer S, Vasa-Nicotera M. A direct comparison of
self-expandable portico versus balloon-expandable sapien 3 devices
for transcatheter aortic valve replacement: a case-matched cohort
study. J Invasive Cardiol. 2019;31:E199-E204.

Gozdek M, Zielinski K, Pasierski M, Matteucci M, Fina D, Jiritano F,
Meani P, Raffa GM, Malvindi PG, Pilato M, et al. Transcatheter aortic
valve replacement with self-expandable ACURATE neo as compared to
balloon-expandable SAPIEN 3 in patients with severe aortic stenosis:
meta-analysis of randomized and propensity-matched studies. J Clin
Med. 2020;9:E397.

Blackman DJ, Saraf S, MacCarthy PA, Myat A, Anderson SG, Malkin
CJ, Cunnington MS, Somers K, Brennan P, Manoharan G, et al. Long-
term durability of transcatheter aortic valve prostheses. J Am Coll
Cardiol. 2019;73:537-545.

Holmes DR Jr, Nishimura RA, Grover FL, Brindis RG, Carroll JD,
Edwards FH, Peterson ED, Rumsfeld JS, Shahian DM, Thourani VH,
et al. Annual outcomes with transcatheter valve therapy: from the STS/
ACC TVT Registry. Ann Thorac Surg. 2016;101:789-800.

Lauck SB, Wood DA, Baumbusch J, Kwon JY, Stub D, Achtem L, Blanke
P, Boone RH, Cheung A, Dvir D, et al. Vancouver transcatheter aortic


https://www.fda.gov/AboutFDA/Innovation/ucm484826.htm
https://www.fda.gov/news-events/press-announcements/fda-expands-indication-several-transcatheter-heart-valves-patients-low-risk-death-or-major
https://www.fda.gov/news-events/press-announcements/fda-expands-indication-several-transcatheter-heart-valves-patients-low-risk-death-or-major
https://www.fda.gov/news-events/press-announcements/fda-expands-indication-several-transcatheter-heart-valves-patients-low-risk-death-or-major
https://www.fda.gov/news-events/press-announcements/fda-expands-indication-several-transcatheter-heart-valves-patients-low-risk-death-or-major
https://www.tctmd.com/slide/five-year-outcomes-after-tavi-balloon-expandable-vs-self-expanding-valves-results-choice
https://www.tctmd.com/slide/five-year-outcomes-after-tavi-balloon-expandable-vs-self-expanding-valves-results-choice
https://www.tctmd.com/slide/five-year-outcomes-after-tavi-balloon-expandable-vs-self-expanding-valves-results-choice

Kumar et al

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

54.

J Am Heart Assoc. 2020;9:e015921. DOI: 10.1161/JAHA.120.015921

valve replacement clinical pathway: minimalist approach, standardized
care, and discharge criteria to reduce length of stay. Circ Cardiovasc
Qual Outcomes. 2016;9:312-321.

Babaliaros V, Devireddy C, Lerakis S, Leonardi R, Iturra SA, Mavromatis
K, Leshnower BG, Guyton RA, Kanitkar M, Keegan P, et al. Comparison
of transfemoral transcatheter aortic valve replacement performed in the
catheterization laboratory (minimalist approach) versus hybrid oper-
ating room (standard approach): outcomes and cost analysis. JACC
Cardiovasc Interv. 2014,7:898-904.

Drafts BC, Choi CH, Sangal K, Cammarata MW, Applegate RJ, Gandhi
SK, Kincaid EH, Kon N, Zhao DX. Comparison of outcomes with sur-
gical cut-down versus percutaneous transfemoral transcatheter aortic
valve replacement: TAVR transfemoral access comparisons between
surgical cut-down and percutaneous approach. Catheter Cardiovasc
Interv. 2018;91:1354-1362.

Brescia AA, Syrjamaki JD, Regenbogen SE, Paone G, Pruitt AL,
Shannon FL, Boeve TJ, Patel HJ, Thompson MP, Theurer PF, et al.
Transcatheter versus surgical aortic valve replacement episode pay-
ments and relationship to case volume. Ann Thorac Surg. 2018;106:
1735-1741.

Ando T, Adegbala O, Akintoye E, Ashraf S, Pahuja M, Briasoulis A,
Takagi H, Grines CL, Afonso L, Schreiber T. Is transcatheter aortic valve
replacement better than surgical aortic valve replacement in patients
with chronic obstructive pulmonary disease? A nationwide inpatient
sample analysis. J Am Heart Assoc. 2018;7:e008408. DOI: 10.1161/
JAHA.117.008408.

Kotronias RA, Teitelbaum M, Webb JG, Mylotte D, Barbanti M, Wood
DA, Ballantyne B, Osborne A, Solo K, Kwok CS, et al. Early versus
standard discharge after transcatheter aortic valve replacement: a sys-
tematic review and meta-analysis. JACC Cardiovasc Interv. 2018;11:
1759-1771.

Ream K, Sandhu A, Valle J, Weber R, Kaizer A, Wiktor DM, Borne RT,
Tumolo AZ, Kunkel M, Zipse MM, et al. Ambulatory rhythm monitoring
to detect late high-grade atrioventricular block following transcatheter
aortic valve replacement. J Am Coll Cardiol. 2019;73:2538-2547.

Mayr NP, Michel J, Bleiziffer S, Tassani P, Martin K. Sedation or general
anesthesia for transcatheter aortic valve implantation (TAVI). J Thorac
Dis. 2015;7:1518-1526.

Mukdad L, Kashani R, Mantha A, Sareh S, Mendelsohn A, Benharash
P. The incidence of dysphagia among patients undergoing TAVR with
either general anesthesia or moderate sedation. J Cardiothorac Vasc
Anesth. 2019;33:45-50.

Wirschinger F, Wittmann S, GoldfuB S, Zech N, Debl K, Hilker M, Graf
BM, Zausig YA. Complications after transcatheter aortic valve implanta-
tion using transfemoral and transapical approach in general anaesthe-
sia. PLoS One. 2018;13:e0193558.

Holper EM, Kim RJ, Mack M, Brown D, Brinkman W, Herbert M,
Stewart W, Vance K, Bowers B, Dewey T. Randomized trial of surgical
cutdown versus percutaneous access in transfemoral TAVR. Catheter
Cardiovasc Interv. 2014;83:457-464.

Nakamura M, Chakravarty T, Jilaihawi H, Doctor N, Dohad S, Fontana
G, Cheng W, Makkar RR. Complete percutaneous approach for arterial
access in transfemoral transcatheter aortic valve replacement: a com-
parison with surgical cut-down and closure. Catheter Cardiovasc Interv.
2014;84:293-300.

Koeckert MS, Grossi EA, Vining PF, Abdallah R, Wiliams MR, Kalkut
G, Loulmet DF, Zias EA, Querijero M, Galloway AC. Ninety-day read-
missions of bundled valve patients: implications for healthcare policy.
Semin Thorac Cardiovasc Surg. 2019;31:32-37.

Rodes-Cabau J, Webb JG, Cheung A, Ye J, Dumont E, Feindel CM,
Osten M, Natarajan MK, Velianou JL, Martucci G, et al. Transcatheter

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

TAVR Programs: Clinical Outcomes and Developments

aortic valve implantation for the treatment of severe symptomatic aor-
tic stenosis in patients at very high or prohibitive surgical risk: acute
and late outcomes of the multicenter Canadian experience. J Am Coll
Cardiol. 2010;55:1080-1090.

Pibarot P, Weissman NJ, Stewart WJ, Hahn RT, Lindman BR,
McAndrew T, Kodali SK, Mack MJ, Thourani VH, Miller DC, et al.
Incidence and sequelae of prosthesis-patient mismatch in transcath-
eter versus surgical valve replacement in high-risk patients with severe
aortic stenosis: a PARTNER trial cohort—a analysis. J Am Coll Cardiol.
2014,64:1323-1334.

Kodali SK, Williams MR, Smith CR, Svensson LG, Webb JG, Makkar
RR, Fontana GP, Dewey TM, Thourani VH, Pichard AD, et al. Two-year
outcomes after transcatheter or surgical aortic-valve replacement. N
Engl J Med. 2012;366:1686-1695.

Gargiulo G, Sannino A, Capodanno D, Barbanti M, Buccheri S,
Perrino C, Capranzano P, Indolfi C, Trimarco B, Tamburino C, et al.
Transcatheter aortic valve implantation versus surgical aortic valve re-
placement: a systematic review and meta-analysis. Ann Intern Med.
2016;165:334-344.

Pollak PM, Mack MJ, Holmes DR Jr. Quality, economics, and national
guidelines for transcatheter aortic valve replacement. Prog Cardiovasc
Dis. 2014;56:610-618.

Rodes-Cabau J, Webb JG, Cheung A, Ye J, Dumont E, Osten M,
Feindel CM, Natarajan MK, Velianou JL, Martucci G, et al. Long-term
outcomes after transcatheter aortic valve implantation: insights on
prognostic factors and valve durability from the Canadian multicenter
experience. J Am Coll Cardiol. 2012;60:1864-1875.

Haddad A, Arwani R, Altayar O, Sawas T, Murad MH, de Marchena
E. Transcatheter aortic valve replacement in patients with pure native
aortic valve regurgitation: a systematic review and meta-analysis. Clin
Cardiol. 2019;42:159-166.

Quintana RA, Monlezun DJ, DaSilva-DeAbreu A, Sandhu UG, Okwan-
Duodu D, Ramirez J, Denktas AE, Jneid H, Paniagua D. One-year mor-
tality in patients undergoing transcatheter aortic valve replacement for
stenotic bicuspid versus tricuspid aortic valves: a meta-analysis and
meta-regression. J Interv Cardiol. 2019;2019:8947204.

Reul RM, Ramchandani MK, Reardon MJ. Transcatheter aortic valve-
in-valve procedure in patients with bioprosthetic structural valve deteri-
oration. Methodist Debakey Cardiovasc J. 2017;13:132-141.

Liu Y, Du Y, Fu M, Ma Y, Wang D, Zhang J, Liu W, Zhao Y, Zhou Y.
Clinical outcomes of transcatheter aortic valve replacement in nona-
genarians: a systematic review and meta-analysis. J Interv Cardiol.
2019;2019:5819232.

Navarese EP, Andreotti F, Kolodziejczak M, Wanha W, Lauten A,
Veulemans V, Frediani L, Kubica J, de Cillis E, Wojakowski W, et al. Age-
related 2-year mortality after transcatheter aortic valve replacement: the
YOUNG TAVR Registry. Mayo Clin Proc. 2019;94:1457-1466.
Eggebrecht H, Bestehorn K, Rassaf T, Bestehorn M, Voigtlander T,
Fleck E, Schachinger V, Schmermund A, Mehta RH. In-hospital out-
comes after transcatheter or surgical aortic valve replacement in
younger patients less than 75 years old: a propensity-matched com-
parison. Eurolntervention. 2018;14:50-57.

Faroux L, Guimaraes L, Wintzer-Wehekind J, Junquera L, Ferreira-
Neto AN, Del Val D, Muntane-Carol G, Mohammadi S, Paradis JM,
Rodes-Cabau J. Coronary artery disease and transcatheter aortic
valve replacement: JACC State-of-the-Art Review. J Am Coll Cardiol.
2019;74:362-372.

Szerlip M, Zajarias A, Vemalapalli S, Brennan M, Dai D, Maniar H,
Lindman BR, Brindis R, Carroll JD, Hamandi M, et al. Transcatheter
aortic valve replacement in patients with end-stage renal disease. J Am
Coll Cardiol. 2019;73:2806-2815.


https://doi.org/10.1161/JAHA.117.008408
https://doi.org/10.1161/JAHA.117.008408

